Protein acetylation has been implicated in the regulation of HIV-1 gene transcription. Here, we have exploited the activities of four native histone acetyltransferase (HAT) complexes from yeast to directly test whether acetylation regulates HIV-1 transcription in vitro. HAT activities acetylating either histone H3 (SAGA, Ada, and NuA3) or H4 (NuA4) stimulate HIV-1 transcription from preassembled nucleosomal templates in an acetyl CoA-dependent manner. HIV-1 transcription from histone-free DNA is not affected by the HATs, indicating that these activities function in a chromatin-specific fashion. For Ada and NuA4, we demonstrate that acetylation of only histone proteins mediates enhanced transcription, suggesting that these complexes facilitate transcription at least in part by modifying histones. To address a potential mechanism by which HAT complexes stimulate transcription, we performed a restriction enzyme accessibility analysis. Each of the HATs increases the cutting efficiencies of restriction endonucleases targeting the HIV-1 chromatin templates in a manner not requiring transcription, suggesting that histone acetylation leads to nucleosome remodeling.
Chromatin structures inhibit the binding and function of the numerous proteins that collaborate to produce appropriate levels of eukaryotic transcription (reviewed in ref. 1) . It is quite significant, therefore, that recent discoveries have identified multiprotein complexes whose primary function is to help activate gene expression by altering chromatin so that its DNA sequences become more accessible to sequence-specific proteins and the general transcription machinery (reviewed in ref.
2). They provide solid support to the idea that the repressive effects of chromatin on transcription can be counteracted by cellular activities that directly modify nucleosomal structure.
Histone acetyltransferases (HATs) and histone deacetylases comprise a group of chromatin-modifying activities that plays a critical role in gene transcription (for reviews see refs. 3 and 4) . Numerous studies have demonstrated a correlation between the acetylation of lysine residues within the amino terminal tails of the core histones and the transcriptional activity of cellular chromatin (reviewed in ref. 5 ). Hyperacetylated histones appear to accumulate in actively transcribed chromatin (6) , whereas hypoacetylated histones are enriched in silent domains (7, 8) . Recently, proteins that initially were identified as transcriptional regulators in vivo have been shown to possess HAT or histone deacetylase activity. The initial breakthrough came with the cloning of a nuclear HAT from Tetrahymena, leading to its identification as a homologue of the yeast transcriptional coactivator protein Gcn5 (9) . HAT activity since has been demonstrated for several other coactivators, which, as members of protein complexes, are believed to facilitate transcriptional activation by sequence-specific activators. These include p300͞CBP (10, 11) , pCAF (12) , ACTR (13) , src-1 (14) , and TAF II 250 (15) . Similarly, histone deacetylases have been shown to associate with corepressor complexes that in turn interact with DNA-bound proteins such as MadMax, Ume6, or unliganded receptors (16) (17) (18) (19) (20) (21) (22) . As a whole, these data provide compelling evidence directly linking pathways of transcriptional regulation with histone acetylation.
Previously, we identified four native HATs from yeast (23) . For the complexes termed SAGA and Ada, Gcn5 is the primary, if not only, subunit possessing catalytic HAT activity. In addition, both the 1.8-MDa SAGA complex and 0.8-MDa Ada complex contain Ada2 and Ada3, gene products originally determined to functionally interact with Gcn5 based on genetic screens in yeast for mutants that relieved GAL4-VP16-mediated toxicity (24, 25) . SAGA also contains Spt20 (Ada5), Spt3, Spt7, and Spt8, which are members of a family of transcriptional regulators thought to affect TATA box-binding protein function (reviewed in ref. 26) , and a subset of TAF II  proteins including TAF II 90, TAF II 68, TAF II 60, TAF II 25, and  TAF II 20 (27) . SAGA and Ada primarily acetylate nucleosomal histone H3, but also modify H2B to a lesser extent. The additional two HAT activities, termed complex 2 and complex 3, predominantly acetylate histones H4 and H3, respectively. As the subunit composition for these complexes is unknown, they have been named NuA4 (nucleosome acetyltransferase of histone H4) and NuA3 according to their acetylation preferences.
In this study, we attempt to gain a better understanding of the role(s) played by histone acetylation in gene transcription by directly testing whether SAGA, Ada, NuA4, or NuA3 can regulate transcription from nucleosome-assembled templates in vitro. The HIV-1 5Ј long terminal repeat was chosen as the experimental promoter, because a clear correlation between acetylation and HIV-1 transcriptional activation has been determined by inducing global hyperacetylation in cells (28) , or extracts (29) , by treatment with the histone deacetylase inhibitor trichostatin A. We demonstrate that SAGA, Ada, NuA4, and NuA3 stimulate HIV-1 transcription from chromatin templates in an acetyl CoA-dependent fashion. In the absence of transcription, each of the HATs increases access to the nucleosome-reconstituted array for restriction endonucleases. These data suggest a mechanism whereby acetylation leads to remodeling of the HIV-1 nucleosomal array, increasing the access of trans-acting factors, which in turn facilitates transcriptional activation.
insert between the fifth and sixth 5S ribosomal DNA repeats. The resulting plasmid, termed p2085S-HIV(Fϩ), was digested with Asp-718, ClaI, and HhaI, and the array gel was isolated as previously described (30) .
For nucleosome reconstitution, 2 g of the array fragment was incubated with HeLa core histones (1:1 molar ratio of octamers to nucleosomal sites on the DNA), 1 g of BSA, and 2 M NaCl in a final volume of 10 l for 15 min at 37°C. The reaction was serially diluted by adding 3.3, 6.7, 5, 3.6, 4.7, 6.7, 10, 30, and 20 l of 50 mM Hepes (pH 7.5), 1 mM EDTA, 5 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), with 15-min incubations at 30°C for each dilution step. The reaction was brought to 0.1 M NaCl by adding 100 l of 10 mM Tris⅐HCl (pH 7.5), 1 mM EDTA, 0.1% Nonidet P-40, 5 mM DTT, 0.5 mM PMSF, 20% glycerol, and 100 g͞ml of BSA, and incubated for 15 min at 30°C. Reconstitutions were stored at 4°C. Structural analyses of array reconstitutions was performed as previously described (30) .
HAT Assays and in Vitro Transcription Reactions. The HIV dinucleosome-5S array template was incubated with purified transcription factors and͞or HAT activities for 30 min at 30°C in 20 l of binding͞HAT reaction buffer (10 mM Hepes, pH 7.8͞50 mM KCl͞5 mM DTT͞0.5 mM phenylmethylsulfonyl fluoride͞10 mM sodium butyrate͞0.25 mg/ml of BSA͞5% glycerol). Acetyl CoA was added as indicated in the figure legends. Upon completion of factor binding and histone acetylation, 25 l of a transcription mix [30 mM Hepes (pH 7.8), 12 mM MgCl 2 , 60 mM KCl, 10 mM sodium butyrate, 4% polyvinyl alcohol, 12 ng͞l poly{d(I-C)}, 2 ng͞l of E4 control DNA, 36 nM GAL4-AH] was added to each reaction, followed by 5 l of HeLa nuclear extract (15 g͞l) (except as indicated in Fig. 4C ). E4 DNA and GAL4-AH are included to serve as a control for RNA recovery through subsequent steps. Preinitiation complexes were allowed to form for 20 min at room temperature, and the templates were transcribed for 30 min at 30°C upon the addition of rNTPs to 0.4 mM for each nucleotide. Transcription was terminated by adding 150 l of stop buffer (267 mM NaCl͞20 mM EDTA͞1% SDS͞33.3 ng/l of tRNA) to each reaction. Primer extension analysis of the RNA produced during these reactions was performed by using 32 P-labeled HIV-1 and E4 primers from positions ϩ50 to ϩ81 and ϩ86 to ϩ110, respectively. Extension products were resolved on 8% polyacrylamide, 8 M urea gels, visualized by autoradiography, and quantitated after PhosphorImager scanning. pG5-E4T was used for the E4 control DNA, which contains 5-GAL4-binding sites upstream of the Ad5 E4 gene sequence from Ϫ38 to ϩ250 (31). GAL4-AH and the NF-B p50 subunit were prepared from bacterial strains as described previously (30) .
For experiments using immobilized templates, the biotinylated array fragment was attached to Dynabeads Streptavidin (i.e., paramagnetic beads coupled to streptavidin, Dynal). Immobilized templates were washed two times with 40 l of binding͞HAT buffer supplemented to 300 mM KCl, followed by one wash with 40 l of binding͞HAT buffer to remove excess KCl. Washed templates were resuspended in 20 l of binding͞HAT buffer. Neither the wash nor resuspension buffers contained acetyl CoA. For unwashed samples, immobilized templates were concentrated on the magnet, the supernatant was removed, and the beads put back into the original buffer conditions.
Restriction Endonuclease Accessibility Analysis. Assays were performed similarly to that described for in vitro transcription through the 30-min incubation with nucleotides. After this step, restriction enzymes were added directly to samples and incubated for 15 min at 37°C. Cutting of the 32 P-end labeled array was terminated by adding 150 l of stop buffer to each reaction. Digestion products were resolved by agarose gel electrophoresis. Gels were fixed with 10% acetic acid and 10% methanol, dried, and quantitated after PhosphorImager scanning. Percentage cut was calculated by dividing the value of the digested fragment by the sum of the undigested and digested fragment values for each lane.
Purification of HATs. HATs were purified as previously described (32) . The amounts of Ada, NuA4, NuA3, and SAGA fractions used for the experiments were normalized for HAT activity such that each fraction produced 3,000-6,000 cpm in a standard liquid HAT assay. Liquid HAT assays were performed as described (23) .
RESULTS AND DISCUSSION
Establishment of an in Vitro Transcription System with HIV-1 Nucleosomal Templates. By analyzing cell lines latently infected with HIV-1, Verdin et al. (33) have determined that the HIV-1 genome adopts positioned nucleosomes after integration into the cellular DNA. A MNase-protected region termed nuc-1 resides at Ϫ2 to ϩ142, whereas a 250-bp region directly upstream of nuc-1 containing the enhancer and promoter domains is constitutively hypersensitive to DNase I yet resistant to MNase activity. In light of that study, we designed a template containing an HIV-1 fragment from Ϫ225 to ϩ162 that can be efficiently assembled from purified components into a nucleosomal array and subsequently used for in vitro transcription experiments. The template contains the HIV-1 fragment flanked on both sides by direct repeats of a 208-bp sequence from a sea urchin 5S rRNA gene (Fig. 1A ). This strategy is based on the ability of the 5S rDNA segment to strongly position a histone octamer in vitro such that histone reconstitution of direct repeats of 5S rDNA yields a continuous array of evenly spaced nucleosomes (34) . From our previous studies, chromatin assembly of DNA fragments containing target sequences embedded between 5S rDNA repeats has revealed that the 5S nucleosomes promote the positioning of histone octamers on the internal sequences in phase with the neighboring nucleosomes (30, 35) . The transcription template was termed HIV dinucleosome-5S array because the central HIV-1 sequence is large enough to accommodate two histone octamers. This template migrates as a discrete band on agarose gels when reconstituted with histones into nucleosomal DNA, with a mobility distinct from that of histone-free DNA (Fig. 1B) . The apparent absence of free DNA in the reconstituted sample indicates that nucleosome assembly occurs efficiently under these conditions. MNase, which preferentially cleaves chromatin in linker DNA, predominantly digests the nucleosome-assembled array at 11 distinct sites to produce a ladder of bands upon gel electrophoresis, whereas MNase digestion of the naked DNA occurs throughout the template (Fig. 1C, lanes 2-7) . This finding suggests that 12 positioned nucleosomes occupy the regions between the MNase-cleavage sites, with the central two mapping to the HIV-1 promoter insert. Addition of the p50 subunit of NF-B to the array does not dramatically alter the MNase digestion pattern, but does increase the level of cutting by DNase I within the nucleosome harboring the NF-B-binding sites (Fig. 1C, lanes 8 and 9) . This observation has been noted in an earlier study (30) and suggests that the binding of NF-B p50 to the array generates a structure that is reflective of the native chromatin organization for HIV-1 DNA in the region between Ϫ225 and ϩ162.
To investigate whether the HIV-1 promoter could direct transcription within the context of the array template, the HIV dinucleosome-5S fragment was incubated with HeLa nuclear extract in the presence and absence of purified activators (Fig.  2) . Histone-free array DNA yields high levels of correctly sized HIV-1 transcripts, and, as expected, assembly of the array template into chromatin greatly represses transcription. Compared with naked DNA, the level of transcription directed from the nucleosomal array is reduced approximately 200-fold (Fig. 2B, compare lanes 2 and 6) . The NF-B subunits p65 and p50 stimulate transcription from the nucleosome-reconstituted array 4-fold, whereas addition of Sp1 above that provided by the extract has only a minimal effect. ␣-Amanitin blocks transcription from both the histone-free and nucleosomeassembled templates, demonstrating that the observed transcripts are properly derived from RNA polymerase II. The The HIV dinucleosome-5S array fragment (10 ng), existing as either histone-free or nucleosomal DNA, was incubated with and without acetyl CoA (1 M) and the indicated HATs, and samples were assayed for transcription. NF-B p65 and p50 each were added to 20 nM to enhance HIV-1 transcription levels. (B) Transcription was performed as described in A, except the amount of HIV-1 template was decreased from 10 ng to 0.5 ng where indicated. Acetyl CoA is present in all lanes. (C) Transcription from histone-free HIV-1 DNA was performed as in A, except the amount of HeLa nuclear extract was decreased from 75 g to 7.5 g where indicated. Because 7.5 g of HeLa extract did not produce detectable RNA signals for the E4 control promoter, the 32 P-labeled array template, which migrated high in the gel, was used as an internal control for nucleic acid recovery. data suggest that Sp1 and NF-B cannot effectively counteract nucleosome-mediated repression when added to preassembled chromatin templates, which is consistent with an earlier study (29) . We conclude that these results, combined with the structural studies mentioned above, indicate that the reconstituted array is an appropriate substrate to examine HIV-1 transcription from nucleosomal templates.
HAT Complexes Stimulate HIV-1 Transcription in a Chromatin-Specific Manner. To investigate whether HIV-1 transcription is directly regulated by acetylation, the array template was incubated with either SAGA, Ada, NuA4, or NuA3, and the reactions were passed through the transcription assay. Under these conditions, the HATs acetylate the array in a manner consistent with predetermined histone specificities (data not shown). Fig. 3A reveals that each HAT stimulates the synthesis of HIV-1 RNA in an acetyl CoA-dependent manner from the nucleosome-reconstituted array (lanes [13] [14] [15] [16] [17] [18] [19] [20] . When comparing adjacent lanes containing the same HAT complex with and without acetyl CoA, the fold increase in transcription ranged from seven for the Ada complex to 12 for NuA4. Although not unexpected, addition of only acetyl CoA to the HeLa nuclear extract induced HIV-1 transcription nearly 2-fold (Fig. 3A, lanes 11 and 12) . This effect is likely caused by endogenous acetyltransferases within the extract. No increase in transcription is observed from histone-free DNA in the presence of the HATs (Fig. 3A, lanes 1-10) , suggesting that the HAT-mediated transcriptional stimulation is chromatin specific.
It is possible that HATs only affect conditions yielding low levels of transcription regardless of the chromatin state of the template. For example, maximal stimulation of naked DNA transcription by activators has been shown to occur in nuclear extracts at low template concentrations that yield low basal levels of expression (36) . At low template concentrations, it is believed that activators function in part to relieve the repression established by nonspecific DNA-binding proteins present in the nuclear extract. We examined this issue by decreasing the amount of naked DNA 20-fold in the reactions. Consistent with the results above, the HATs did not stimulate transcription from DNA templates in these conditions (Fig. 3B) .
It also can be argued that a regulatory protein(s) in the nuclear extract is limiting for transcription from nucleosomal templates, because access to the DNA is inhibited by histones, whereas this factor is not limiting for naked DNA transcription. Furthermore, if the HATs function to enhance the activity of the regulator, their influence on transcription would be observed only on nucleosomal templates. Therefore, to investigate this possibility, we decreased the amount of nuclear extract 10-fold, yet left the amount of histone-free DNA unchanged. HIV-1 transcript levels in these conditions were decreased significantly, indicating that the extract was limiting for transcription on naked DNA templates (Fig. 3C, compare  lane 1 with lanes 2 and 3) . However, the addition of HATs did not change the level of HIV-1 transcription (lanes 4-7) . We conclude from these experiments that the stimulation of HIV-1 transcription by each of the HATs occurs only on chromatin templates.
Histone Acetylation by Ada and NuA4 Facilitates Transcription of the HIV-1 Promoter. Although Ada, NuA4, NuA3, and SAGA acetylate nucleosomal histones, the data to this point do not demonstrate whether this modification is important to stimulate transcriptional activation. Indeed, the critical step for chromatin-specific regulation by these HATs could involve acetylation of a nonhistone protein(s) present within the HeLa nuclear extract. For example, in addition to histones, p300 will acetylate the tumor suppressor protein, p53, thereby enhancing its DNA-binding activity in vitro (37) . Furthermore, components of the general transcription machinery have been demonstrated to be acetylated by both p300 and pCAF (38) .
To address this idea, we sought conditions that would enable the removal of HAT activities from acetylated templates before the addition of nuclear extract for transcription. To this end, the HIV dinucleosome-5S array was attached to paramagnetic beads, which allows immobilized templates to be concentrated on a magnet and the supernatant removed (Fig.  4A) . After incubation of the nucleosome-assembled array with each of the HATs, attachment of the acetylated array templates to paramagnetic beads, and separation of the beads from the supernatants, we found that all of the bead fractions contained approximately 50% of the input HAT activity (data not shown). Controls demonstrated that the HATs were specifically interacting with the nucleosomal array as opposed to the paramagnetic beads. Therefore, to challenge array-HAT interactions, immobilized templates were washed with buffers containing increasing salt concentrations. As shown in Fig. 4B , a 300 mM KCl wash reduced HAT activity to background levels for Ada and NuA4, indicating that this treatment removes the HATs from acetylated templates. We performed a second control to determine whether the acetylation status of the array affects attachment to the paramagnetic beads, because the array was treated with HATs before bead immobilization to ensure efficient acetylation. Fig. 4C illustrates that approximately 50% of the input array template was immobilized onto the paramagnetic beads under the experimental conditions and that template recovery was not significantly altered after acetylation by Ada and NuA4. Immobilized templates acetylated by Ada or NuA4, and washed clean of HAT activity, produced RNA levels 2.5-fold higher than that from unacetylated templates when analyzed for transcription (Fig. 4D, compare lanes 3 and 4 with lane 2) . Although lower than the fold stimulations reported for templates existing free in solution, these values must be considered within the context of control reactions using unwashed, immobilized templates. In these conditions, where the yeast HATs are present throughout the transcription assay, Ada and NuA4 stimulate transcription 3.5-fold and 4-fold, respectively (Fig. 4D , compare lanes 6 and 7 with lane 5). It appears, therefore, that the ability of Ada and NuA4 to stimulate transcription from immobilized templates is reduced when compared with that for templates existing free in solution. However, the experiment indicates that histone acetylation accounts for the majority of the HAT-mediated stimulation from immobilized templates. Thus, although not ruling out the possibility that there are other nonhistone targets for Ada and NuA4, the data suggest a role for histone acetylation in transcriptional regulation by these HATs.
Information pertaining to SAGA and NuA3 was not obtained from this assay, because these activities confer little or no induction of HIV-1 transcription from immobilized templates under all conditions tested. We can only speculate as to why SAGA and NuA3 stimulate transcription in an acetyl CoA-dependent manner from chromatin templates existing free in solution but not from those attached to paramagnetic beads. For example, in addition to their acetylation activities, SAGA and͞or NuA3 may require other functions to facilitate transcription. SAGA has been proposed to coactivate transcription by bridging upstream regulators with the general transcription machinery. If SAGA or any of the other HATs work in this manner, it is conceivable that attachment of the nucleosomal template to paramagnetic beads could inhibit these large protein complexes from interacting with both DNA-bound activators to the basal transcription apparatus. It is also possible that the lysine residues modified by SAGA and NuA3 contribute to transcriptional differences. For example, although Ada and SAGA share the same catalytic subunit, the two native HAT complexes have overlapping, yet distinct, patterns of acetylation (P.A.G., A.E., S.J., and J.L.W., unpublished work). Of course, other possibilities exist. A more definitive determination as to how SAGA and NuA3 function in transcriptional regulation awaits the development of new approaches.
HATs Induce Remodeling of the Nucleosomal Array Structure in the Absence of Transcription. A possible mechanism through which histone acetylation enhances gene transcription involves altering chromatin structure in a manner that increases the accessibility of trans-acting factors for DNA. Indeed, it recently has been demonstrated that nucleosomal templates assembled in vitro with hyperacetylated histones are bound to a greater extent by heat shock factor compared with templates reconstituted with control histones (39) . Restriction enzymes often are used to detect changes in chromatin structure because cutting efficiencies for sites buried in nucleo- somes usually are reduced compared with those for sites in naked DNA (40) . Therefore, to address whether array structure is changed by HAT function, nucleosomal array templates were passed through the transcription conditions. However, rather than subjected to primer extension analysis, samples were treated with restriction endonucleases. As shown in Fig.  5A , each of the HATs increases the cutting efficiencies of restriction endonucleases only in the presence of acetyl CoA. The effect is specific to chromatin because the HATs do not alter digestion of the naked DNA template (Fig. 5B) .
We believe the enhanced accessibility reflects an altered array structure generated in the absence of transcription, because these experiments were performed only with ATP rather than the full complement of rNTPs. In these conditions, we have not been able to detect HIV-1 transcripts from nucleosomal or naked DNA templates (data not shown). To further explore this point, the restriction enzyme accessibility assay was performed in the presence of the RNA polymerase II inhibitor ␣-amanitin. Fig. 5C illustrates that HAT-mediated increases in restriction enzyme cutting are not affected by ␣-amanitin, consistent with the idea that acetylation by the HAT complexes facilitates chromatin remodeling of the nucleosomal array independent of transcription.
In vivo a role for acetylation in HIV-1 gene expression has been demonstrated by treating cells latently infected with HIV-1 with histone deacetylase inhibitors. In addition to producing global hyperacetylation of cellular histones, the deacetylase inhibitors cause transcriptional activation of the HIV-1 promoter and reconfiguration of nuc-1 independent of ongoing transcription (28) . The in vitro data presented here strengthen these in vivo observations. They provide direct evidence that native protein complexes acetylating nucleosomal histones stimulate HIV-1 transcription from chromatin templates. Moreover, they indicate that acetylation by the HAT complexes induces a change in chromatin structure that renders nucleosomal arrays more accessible to trans-acting factors.
